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Methods of Emdeney Enhanceme nt and Scaling for the Gyrotron Osci llator

I. INTRODUCTION -•

The gyroiron is a microwave device based on the cyclotron maser interaction between an

electromagnetic wav e and an electron beam in which th e individual electrons move along heli-

cal trajectories in the presence 01 Ifl applied magnetic field. In recent years. it has emerged as a

new and by far the most powerful source of mill imeter and submi ll imeter radiation Potential

applications or the gyroeron includes radar, communicat ion , and plasm a healing of controlled

nuclear fusion dev ices Most of the work on gyro irons. both theoretical and esperimental, has

been carried out fot two basic configurati ons: ( i) the single cavity con figurati on , and ( i i ) the

waveg uide con figurati on . In the first configuration (the gyroiron oscilla tor ), the electron beam

sustains a constant ampl itude normal mode oscillation in an open end cavity. In the second

configuration (the gyrotron travelling wa~e ampl ifier ), the electron beam amplifi es the normal

mode of a fast waveguide structure A detailed analysis of the cyclotron miser mechanism ’ as

• well as review arlicl& on the gyro tron development can be round in recent literature.

The present work proposes a metho d rot enhancing the emciency of gyrotron oscillators

and studies the scaling of emciency with respect to the operating parameters.

• 
. Our primary motivation for achievi ng a high emciency gyroiron Ii connected with ill ap-

plicatio n in controlled fusion research. To reach the fusion ignition temperature , a great

Manuocnpl ,u bm,Iled Iul~ IC . 1575

1 

-

~~~~ 

—

~~~~ 

-



CHU. 11*0. AND (IANGULY

amount of energy (many mogajoules) has to be injected for plasma heating. Furthermore, thi s

should be done with the maximum efficiency in orde r to allevi ate the energy breakeven condi.

• tion. A highly effi cient gy roiron has been recognized as one of the most promising sources to

meet t hese requirements. Many methods for efficiency enhancement have so far been con-

sider ed. These methods are largely variations of tw o general approaches. The first approach.

emphasized by Soviet workers. ‘ “ involves th e contouring of the wave electric field profi le .

• The second approach, employed by Sprangle and Smith ’7 and also in the present paper, involves

• the contouring of the applied tit- magnetic field. For a brief review of the previous results, two

commonly used definitions of efficiency need to be distinguished. The overall efficiency (ii) is

defined as the average electron energy loss divided by its total initial energy and the transverse

effi ciency (‘t .) is the same quantity divided by the initial trans verse energy . Thus,

‘I — 0$,~ if v /v 2 . and sp — 0.7i~, if v / v  — I S .  For a sinusoidal wave electric field

profi le, the maximum achievab le efficienc y (,t ) is approx imately ~ 42% for v , /v 2 and 35%

foe v /v — I S  Using a Gaussian wa v e electric field profi le and v • — 1.5 , Nasinovich ci

al. ’ ~° have shown that v~ can reach 79% (or i~ — 55%). Using a more complicted (ax ially

asymm etric ) wave electric field profile, kolosov and kurayev ’ have calculat ed a maximum

transv erse efficiency of 81%. The above figures all refer to the fundamental cyclotron harmon.

ic. However , it has been shown in Rers. 7 and 10 hat th e maximum efficiency at the second

cyclotron harmonic differs only slightl y from that of the fundamental cyclotron harmonic. In

practice, the wave electric field contouring can be achIeved by contoun ng the cross -sect ion of

the cav ity ” . as is done by Kiw I et al. ’ In the case of appl ied magnetic field contouring. Spran-

git and Smith ” proposed a method wh ich employs a two-stage magnetic field . Except for a

shor t transition region, the magnetic field 1~ held constant in each stage. In the lksi stage, the

magnetic fie ld is below that required for strong resonant Interaction, hence only electron bunch-

ing takes place. In the second stage, the magnetic field is raised to the value for

2
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str ong interaction , thus allowing the bunched electrons to lose a substantial amount of energy.

Thcy have calculated a maximum transve rse efficiency of 75% (or ,
~ 

— 60 for Vj /v h — 2). Re-

cause of the presence of a bunching stage, a relatively longer cavity is requir ed in their scheme.

This may become a rather strong limiting factor in high power operations.

In the present study a linearly tapered magnetic field is employed for the purpose of

efficiency enhancement• The magnetic field increases uniformly over the length of the cavity

with approximat ely a 10% variation from end to end. For v.i~ ,, — 1.5. 2, and 2.5 , we have cal-

culated a maximum efficiency of 56%, 67% , and 71%. respectively (corresponding to ‘~, — 80%,

84%. and 90%, respectively ). Compared with the other methods discuss ed above, this method

promises a very high efficiency with the simplest stru cture.

As shown in a recent linear analysts , ~ t he nature of the cyclotron mase r interaction in a

gyrotron is much more complica ted than that in a gyrotron travelling wave amp lifier mainly be-

cause the electrom agnetic wave in a cav ity consist s of both a forward and a backward com-

ponent as compared with a single for ward comp onent in the uraveguide . As a result , nonlinear

analysis of the gyroiron oscillat or , mainly the calculation of its efficiency , becomes difficult to •

trea t analytic ally Thus far , practically all the nonlinea r analyses of gyrotron oscillators (includ-

ing the present one) have been based on numerical computation . In comparison, the nonlin ear

analyses” “ of gyrotron travelling wave amplifiers have been more analytical in nature. While

the numerical approach allows one to employ more exact physical models, it of ten fails to show

the general properties of t he system examined. This limitation has made it difficult to identify

the opti mum modes and parameters of operation from a great number of possibilities. Thus a

second objective of the present paper is to seek from the extensive numerical data obtained a

simple efficiency scaling relat ion whi ch clearly show, the optimum operating cond itions. We

3
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• found that ther e exists a common parameter .~~
‘, , i.e. the total number of’ cyclotron orbits exe-

cuted by an electron in traversing the cavity, which connects the seemingly random data into

smooth curves, indeed, as the final result will ind icate, N~ appears to be a convenient parame-

ter for generating the common operating characteristics for gyrotron oscillators operating at

differen t modes.

The paper is organized as follows. In Sec. II, we present the model, assumptions, and the

basic gyrotron equations. In Sec . Ill, the main results are obtained and a design example is

given on the ba*is of the optimized data. In Sec. IV . we study the accessibility of the high

-
• 

efficiency regime, a problem of considera ble practical importance but not yet addressed theo reti .

cally, Sec. V contains fu rther discu ssions.

H. MODEL ASSUMPTiONS. AND BASIC EQUATIONS

Figures 1(a) and (b) shown the single cavity gyro t ron oscillator mode l under study. An

annula r electron beam is injected into an open-end cavity from the left hand side and pro-

pagates to the right unde r the guidance of an applied magnetic field B~ ~Fig. 1(a)) . The elec-

t rons., moving along helical trajectories, have a substantial part of their kinetic energy in the

form of t ransverse motion Inside the cavit y , the electron beam gives up a port ion of its energy

through interact ion with the EM fields . If the average power lost by the beam equals the wave

power di ffracted out of the cavity, a slea~’ iate is then established. A main objective of our

calculat ion is to maximize the beam energy toss at the steady stale - The electron beam is typ ,

cally generated from a magnetron type electron gun. Both theoryla and experiment have shown

that a beam so generated has the desirab le prope rt ies for gyrot ron applications, namely, It is

thin and cold. Thus, in our model we assume that the beam electrons are monoenergetlc with

their guiding centers located on the same surface of constant radius (r- — r.). Figure 1(b)

• 4
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shows the cross-sectional view of the model. We assume further that the beam is sufficiently

tenuous that its space charge field can be neglected and that it will not modif y the normal mode

EM field structure of the cavity. This is a good assumption for beam powers below a few hun-

dred kW Since the cyclotron maser interaction takes place between the elect ron beam and the

TIE mode (rather than the TM mode) and axially symmetric TE modes ( i.e . modes without az-

imuthal var iat ions ) have the smallest wall loss , w e will limit our consideral ion to the TE,.

modes , where ii and I are, respe ctively , the radial and axial elgenmode numbers. Under these

ass umptions , the electron dynamics are gov erned by the following equation of motion ,

— — ,( E+ ,x B ) . (1)

where y — t I~ 5 / c ~
) 

~
‘
, F — E. i. . B — 1~ + 8. ~‘. +8: C:, 1~ is the applied magnetic field (to

be specified later ) , and E.,. 8,. 8. are the TE... wave fields given by,

E. E~ J i (& , r )st nA ::cosa v . (2)

8 — U / ~ )E.~,,J, (A _ r)cosA::sina. s . (3)

8: — , (i) Ea. 0 J 0U.~~) 5 if l k :~ 5 if l& , (4)

where & — wilL. A . — s ,,i’ r. . s~ is the nih nonvan ishing root of J,(x) — 0. w — (k.’+ AJ)Ul c

• is the wave freq uency, and ~~_ is the inner radius of the cav it y•

The total wave energy stored in the casi ty (14 ,) can be written .

14 , — 0 25,e 0 t~ J~ t~
) r.~ 1.

-• where .
~
, — (36w ) ‘ 10 ” farad/rn is the vacuum dielectric constant and Jj(x ) 

~ 0.16, 0.09,

0 0625 to t iv — I. 2. 3. II we assume that the quality factor Q of the cavity is entirel y due to

diffraction loss (i e neglecting wall lois), we obtain the wave power (Ps ) emitted from the cay-

• ity

P
— 0.25wa r. Ej ~J ,~(x ~1r~L/Q (5)

S
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Thus, the beam power (P5) required to sustain a steady state oscillation In the cavity Is

P.— PJ’,
• — O.25.iugs.E4 JJ tv)  ,,2L/ipQ (6)

where i~ is the efficiency to be evaluated from Eq. (1).

It Is convenient to introduce a normalization scheme by which the cavity radius r Is

scaled out of the equations. This can be achieved through the followin g procedures (normal-

Ized notations are denoted by a bar) :

(i) length normalized to r,(~ — ri,);

(Ii) frequency normalized to c/ r ,( —

(lii) velocity nor malized to c ( 
~ — v/c ); and

(iv) electric and magnetic field normalized to mc’/ er ,., and mc/er ,, respectively

(1. — E.er.f mc , P.0 — I0er~/ mc) .

Other quantities such as k, and , are to be normalized consistently with the preceding pro-

cedures (
~ — k;1 .t — e d’.). However, naturally dimens ionless quant ities such as y and ~

will remain unchanged. Resu lts obtained under the normal ized representation are thus apple. .

ble to cavities of arbitrary radius.

We may now rewrite Eqs. (I).’(6) as

(7)
~1

£.— 1~J,(x,F)iin~Jcosii. (1)
• A, — (~,/i)~.,J1(x,flcoe*Jsin :, (9)

A, — — ( x / ) E . 4(x,~~Mn~,isIn~~~, (10)
QP , — S4$~~ j ,Jj (x,) (  MW . (Ii)

6
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and

QP0 — S4$4WE4~5JJ (X p ) L/i t MW. (12)

To obtain the efficiency from this set of equations, we solve Eq. (7) numerically for the

energy loss (or gain) by a single electron in traversing the cavit y. The efficiency is then

evaluated by averaging over an ensemble of electrons unif ormly distributed in their initial $yra.

tional phase angle ö (Fig. Ib) . In solving Eq. (7), the following initial conditions and parame-

lets need 10 be specified: The initial electron energy (y o ) and velocity ratio (a ~ v~ /v ), the

init ial electron guiding center position (i~
), the cavity dimension (1) , the mode numbers (a

• and I), the wave field strength (E.5), and the applied magnetic field profile (k~1) defined below,

B~(ri) — An,., + Io,,, (13)
where

— —
~~~~ ii ~,E. 04)

and

— 1 + al i/I - (IS)
Figure 2 shows the axial magnetic field (As,) profile insid e the cavity. The variation of 1o~ 

e~
typically in the neighborhood of 10%, hence B~, points predominantly in the -direciion. For

comparison, we will also calculate the efficiency for a constant applied magnetic field , In which

case B~ is simply

~i~~~1o e: (16)
where 1~ i~ a constant .

The beam guiding center position fot masimum coupling with the wave has been caicu-

lated In Ref. 14. Here we will limit our consideration to the case of fundamental cyclotron har-

monic interaction and 
~ 

for maximum beam-wave coupling Is given by,”

7
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~~~ 
l .8/X a . (16)

where x~ — 3.$ , 7.0 and 10.2 (or a — I, 2, 3. respecii~iely. To reduce the number of free

parameters , we fix the electron energy at 70 keV . This is a voltage capable of generating a

suffi ciently high power electron beam for most applications presently conceived, including plas-

ma heating of controlled fusion devices. The axial elgenmode number will be fixed at the

lowest value (I — 1) because It gives the highest cavity Q and hence the lowest threshold beam

• power compared with the I ~ I modes. Thus the unwanted high I modes will not be excited if

one operates near the threshold of the I — I mode - The remaining parameters, a,

I a. 1.~. i~. A, . and ~ A etc. , will be varied.

• III. RESULTS

A typical data point is obtained as follows . We first specify a. L, and a. In the case of ta-

pered magnetic field, the efficiency ip is then evaluated as a function of ~~~ 1,, and ~t The

point where ‘~ 
(i.0. A !. il . peaks will be taken as a data point and referred to as the optimum

efficiency. ~~~~~ In the case of constant magnetic field. ,p is evaluated as a function of E~ and

1~, and similarly the peak of ~ 
(Em. 1.) becomes a data point.

As a check of the numerical accuracy, we monitor a constant of motion, the canonical an-

gular momentum P. (ss yrv~ ~~~~~~~ where A. is the vector potential of the EM heidi). In all

the numerical runs. ~. is found to fluctuate not more than 10 ’. an indication of good numeri-

cal accuracy .

Tables 1, III. and V list the opti mum efficiency data obtained for the tapered magnetic

held prohie. Each table applies to a ft~ed value of a (R v~olv,,o), while entries In the same

table ate for various mode numbers (a) and cavity length ( L) . For comparison, Tables II, IV,

and VI list the corresponding optimum efficiency data obtained for a constant magnetic field

I
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profile. In Tables I through VI, QP~ is the product of the quality (actor Q and the beam power

at opt imum efflctency operation. Similarly QP~ is Q times the thr eshold beam power required

to start t he osc illat ion under conditions optimized for efficiency. The significance of P~ will be

discussed further in Sec. IV .

• In all the data presented, we hav e kept track of a common parameter N~, the total number

of cyclotron orbit executed by a single electron in traversing the cavity. To illustrate ih~
efficiency scaling with respect to N~ and the efficien cy enhanc ement due to magnetic field taper.

ing, we have plotted ~p
l against N1 in Fig. 3a. b. and c. in these and all the subsequ ent figures,

solid curves refer to the tapered magnetic field and dashed curves refer to the constant magnet-

ic field The lowest curves in Figs. 3a. b, and c give ~1iA l, a measure of the magnetic held
* tapering (see Fig. 2). The numbered dots refer to the data No. in Tables I through VI. Figure

4 shows typ ical plots of efficien cy versus th e axial distance inside the cavity . It is seen that in

both the tapered and constant magnetic field cases, strong int eracti on (U witnessed by the rapid

rise of effic~ ncy) takes place after an init ial bunc hing stage. Howe ver , in a tar ’ered magnetic

field, the region of strong interaction stre tches farthe r at both ends, resulting in higher

efficiency.

On the basis of the data presented here, we may sum marize the principal results as fol-

lows

( 1) With magnetic field tapering, one can enhance the peak efficiency by a fact or of 1.6 to

1. 7 ov er w hat is obtainabl e in a constant magnetic field and the required amount of tapering
(~1/I ~) is only a few percent (Fig. 3). The higher the velocity ratio a, the higher the max-

imum achievable efficiency . The peak efficiencies for a — 1.5 , 2.0. and 2.5 as shown in FIg. 3

• are, respectively, 34.9%, 41.2%, and 44.4% for the constant magnet ic field and SS.7%, 67 .1%,

• 
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t il l KI ‘di %“ d ) ( , 5’%( .l I ‘a

.ind ‘‘ Ms  fur the tapered magnetic held (‘urrenil) ~~j il.abl~ clc~Itu n beams hj~c .a rnas imj m

‘.aluc ol 2 . hen~e a h7~’ ct1kicna.~, ~j n be .i~hia,’ ,a. d (in tapered mag neti c heid i with th e

present t cc hno log~- I or th e purpose ta t  furth er ef1i~ien~ enhani ement , it is des irable to im~

prose th e *.~lc~ w ’ n gun design lhj t ~‘acanIs ~ iih higher u ~j n be ob ta in ed.

1 2) % i~ shown to bc ,a co ns cnicnt s~.ali ng parameter for ihc cI1i~ icn~ b r  both t he ~~a O•

slan t and tapered magnetit held ~ascs (1- ig ~t We ob~cr~c in f~tg •~ t hj t for a li~cd ... t he

cffic.en~ data cai kulated fo r sarious modes I n  I and ~~~ ii~ dimen sions ( 1  I lo rm a si ngic t u r se

w hen pboucd against S In t a t h c v ,rds , t hc efl icicna .~ as a* nh a 1un~ iuan of S regard less of

thc mod e of ** rw ~r,1t* .n ant i ihc dim ensio n ot th c a,nit) Thus . t .sr modes and t . i s a t s  dimensions

not ta kulate d here one ta n pr ed ict i t s  efllucnca hs simpl~ taku laling the sal ue ul S and ifl~

Icr polatt ng from th e tl j tj prc s cnt cd Simil .,rh th rough t h i s methasi ** f st aling. cfIii icnt~ Opli mi .

i ,itii ,n lu. r Jn~ g i*c n niotJe i.E operation bctomcs .i s inipl c t. ~sk of spc t ibsi ng th e t j~~ It ~ length

S ‘ah~ s ai%ue cnrrcsp ’nding in ‘ahe pe.~ ~fficicnt ’. in l ig t in gcncral . the

cffic ten -~ pcaks it 21) ’ 5 ‘ l)~ ~ hit h can bc used as a t rud e guide (or th e des ign u!

aisc ilt at o rs Ii w il t  be sho w n in Sct IS that S .,k* scrse .. is a useful paramet er for determin-

ing the ,ita.css i biti i i  ~f the hig h cIbti en~~ rcg imc

(f l  The was e electric field I .. at optimum efficienc~ operation is stron ger for th e taper d

magnetic field case than for the s~onsiant magnetic held ~.as c because more beam cnerg) has to

be estr acte d in the former case to  re ach t he higher eftici ~~~ IcE Table I through V I )  ~as a

res ult , one gains the add itional adsa ntagc t iE achieving higher w .isc power u s  well as hig her

cfllcic nc~ h~ ta perin g t he magnetic field Near the pcak efficien t>- . for exampl e . QP for the ta

pered magnet ic held is h.r ’aer than that for the constant magnetic held h> a Factor > 2.

In
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We conclude this section with a specific design example based data no. 14 in Table ill.

To convert the normalized data quantities into phys ical design parameters, one needs to specify

the desired wave frequency (I) and the quality factor Q In the example , we shall let f— 3S

0Hz and Q — 500 The wall radius 1 r )  is given by

,_ — 4 7 7 6 ’~~cm .
where j  is in OH:. From Table Ill , we obtain — 3.~ 5 Thus . ‘. — 0.526 cm In terms of r.,

the cavity length (L) . t he beam guiding center position t r , .  the magnet . itcld profi le tB , and

.~8) . and the ‘aasc elcciii ~ field amplitude (F ,., ) tan all be speetfied through the followi ng for-

mulae.

i — L , . cm .

* 
r —  r ,, ’ cm ,

— 1 707 ,

and

I.. — 5 l 2 l r _ ’ E ~ A l  cm ,
whe re r _ ii in unit of cm Em aIl >, div iding QPS.’ and QP,~ by C) gives , respecti vely, P~ and P~’

Table %.fl lists the parameters of the 35 GIl: gyrotron oscmll ator design exampl e .

fl AC(’ESSlRlUfl or THE HIGH EFFIClEN(~ REGIME

A comparison between the small signal theory of Ref 14 and the present large signal

theory shows that the opt imum condition s for small and large signal interactions are close but

not identical Furthermore , the difference becomes more and more pronounced as .5 , increaies

As an example. we cons ider the fol lowing three cases involving a constant magnetic field (cf.

data no 1$. 19 . and 20 in Table IV) ( ml TE01 , mode, 1 —5 , .5’ — 13.4 , (ii) it 011 mode, I

— $. .5 , — 21 5. and (ii i ) TE0~, mode, L ~ 5 %~ — 24 7 As shown in Table IV. opt imum

effi ciency operation requires a magnetic field (1~
) of 4 126, 4.142 , and 7 .607 for cases (I), (ii),

I I  

_________
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-5-
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and l iii) , resp ecti v ely, whil e the small signal th cor~- 14 predicts ihut strongest interaction occurs

at H~ — 4 2 4 ~ . 4 276 , and 7 NSS (or t he same cases Thu s , optimum magnetic held in the small

• signal regime is higher than that in the largcr signal regime b> 2.8%. 3 2s . and 3.3%, respee.

t ise l% . (or the three cases This raises * question concerning the accessibilit y of the high

effic iency Ilargc signal ) regime (‘amsider , for example. an experiment in which parameters are

opt imiied (or hig h efficiency operation. To reach the large signal operating regime, one has to

li rs t start  from the small sign al regime Rut since the exp erimental parameter s arc not optimum

li ar th e tr ans ient small sign al regime, the b~grn power required to start th c small signal oscilla.

titan nias bc higher than th c beani power I I’,: 1 required for the large signal operation As a

rcsu l i . ihc osci llation can not be started wi th th c designed beam power Ph” This point is quan-

iati sel y illustrat ed in lag ~ bat , Ib ) . and It I , w hc rc QP. and ep for the three ases Just con-

~sdc red are plot ted against C)?.. a ij uant ity pro po rtional to the field energ y in the cav it y In ad.

d it mo n . th e th ree corre s pondin g c as es id atu ~~~ I ‘a~ 14 . and I~ in l able Ill) inv ol v ing tapered

magnetic field are also plotted ‘so le that th e magnet ic fi ci ds used an obtaining Fig ~ are thoic

show n in Tj hl~s Ill and IV w hit h arc opt imized For high effi ci ent ) rath er than fo r small signal

int e r ac t ion P. in lhc limit u t  small * , i5 i tS held I P. 0) is defined as I’ , and P~ corresp ond .

ins to the peak of i~ a ’. ref erred i i i  is I’. lo t  case I i )  w here S — l.~ ~~. the difference between

t he optimum conditions For the small and large signal regimes is insignificant so that P~’ is well

hcbow F’ , and the large signal regime is cu s i ts a~cess ible ~~~~~ case (ii ) where .5 — 21 ~~. the

di ffe rence becomes more pronounced such t hat I’. mc comparable to P~” Still . Ihc oscillaito n

tan be started with a beam power slightly greater than P~’ For case (i i i) . however , the

di ff eren ce becomes so great that P~ is wcl l above I’. In whi c h case., one of the following pro.

cedures would base to be taken to reac h the high efficiency regime ( I)  One initially operates

w ith a bcam power greater than F’~ to build up the cav it y held and later lower it to P~ to

12
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achieve high efficiency; (2) one Initially operates in a higher magnetic field for which P~’ is

below P~? and slowly lowers it to the designed value after the oscillation has started; and (3)

one builds up the cavity field with externally injected wave to the point where it can be fu rt her

pumped up with P ’ to reach the high effici ency regime. It is intere st ing to not e that k isel et

al ~ has~ used procedure (2) to reach their high efficiency operati ng regime. The present

analysis pro v ides a theoretical interpretation of their procedure . We note also that in more

severe cases , the beam actually absorbs the field energy in the small signal regime wh en condi-

lions are optimiz ed for high efficiency Such cases are indicated by P~ — ~ in Tables I

throu gh V~.

V . DISCUSSION

So far we have neglected the Ohmic power loss on the cav ity wa il . The results could be

easi ly modified to incorporate the effect of Ohmic loss In the presence of a resistive wall, a

fraction of the extracted beam power will be dissipated in the wall as heat loss , the remaining

fraction. F. comes out as wave power, where

F — Q~~ I(Q~~ + Q4 ) .
and Q,~ and Q4 are. respective ly, the Ohmic and di ffraction Q of the cavity as commonly

defined . Thus , all the results remain valid provided that Q is now defined as Q —

Q~_ Q,,/(Q,,,_ + Q,,) and that the cakulated value, of P. and ~p are multipl ied by the factor F.

I- our calculations, we have always positioned the electron beam on the peak of the elec-

t ric field. This has allowed us to obtain the max imum efficiency with the minimum beam

power. For some applications, however , higher wave power is desired. This can be achieved

without sacrifice in efficiency by positioning the beam sway from the peak of the electric field.

In such a case, the optimum wav e electric held as shown in Tables I through VI refers to the

13
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- Iuial held exe rt ed on the electron s , and consequently the peak held is higher than that indicated

in the Table, implying higher wa v e power and propo rt ionally higher beam power under op- , -

limum operating conditions. For example , ii the local electr ic held is ball ci’ the peak electric

held, both the beani power and th e wa v e power will be four limes higher.

Here w e have sho w n that a simple linearly tap ered magnetic held (see Fig 2) results in

dr amati c enhancemen t in effi cien cy Althoug h no calculations have been made for a more

complicated magneti c held profile. it appears likely that sar t att o ns rrorn the linear profile may

result in Furth er eflic tency enhancement It is also expected that the ultimate efficien cy limit

may se ry w cll be ac hies- cd by a combin ation of magnetic held and wj ’ .c electric field contour-

ing All thc se posstb i li i ics point out th at f urther research in ib is area is warrant ed and will al-

most ccrt atn l y Icad to c ’.cn more effic ient gy roi ro ns
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Table I Optimum efficiency data for a — 1.5
and tapered magnetic field

Data No. 1 2 3 
- 

4 5 6

Mode it0, i it0 1’L’~~ I’t’~ iL0~1

5 8 5 5 8 $

048 04 8 0.26 0 .18 0.26 0.18
388 3.85 704 10,19 7.03 $0.18

8 3.69 3.85 7 1 7  10.76 747 $ 1 .07
0.85 O.57 0.85 06 1 0. 34 0 27

L I 022 0 1 5  024 0.25 0.16 0 1 2
QP~ (t IN 69 64 109 500 687 —

QP~~l.tfW ) 1 2 10 126 194 195 126 83

QP. ( .11*) *3 62 100 109 70 40
(%) 39 5 48 9 . 1  6 53 7 55.4 

- 
46 . 9 

~~~~~~~ 
174 j 20 .0 29.2 J 3 n ~~~~4~~2

Ta ble II Optimum effi cien c y data b r  u — I S
and constant magnet ic field

Data ~ o T $ 9 V $0 Il 12 1
Mode TE0~ ~~~ 

- 1I~ . TI .~ 11.~ TI.,, ;
I. S 8 S j 5  ‘ 8 $

0.48 0.48 0 26 0.18 0.26 0 .18
3 . 8* 3 .85 704 10 19 7.03 $0.18
408 4 1 6  760 1 1 1 3  7 .66 $1 .22
0. 20 0 1 3  0 18  0. 15 0.10 0.08

QP.~ 
(.14K’) 95 41 100 

- 
$ 72 746

QP~” tI1W) 241 127 159 I 113 85 68
Q.° , (11W ) 68 43 55 40 29 1*

‘p (%) 28 . 2 33 5 34.9 34.5 33. 7 26.1
.5 . 10. 7 17 .4 20.0 29.2 32 .1 47 .2

1$

-~ 
. 5-
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Table III Optimum effic iency data for u~~ 2
and tapered magnet ic held

1)aij No F1~ 14 i s T  lb Il
Mode - II .~~ i II • ‘ r t  II~.’; 1I ,,~, ~~~1 * 5 5 8

., 1) 48 0 4$ (1 26 0 IS 0 26
3 8* ~ 

It’ S - 7.04 JO $9 7 03

3 *3 3 96 — 7 .34 
- 

$093 7 38
- 0 S 9  0.37 049 0 . 34 ( 12 $

0. 19 0 14  01~ 0 1$  0. 11
(II’ ( I f  N ) 4S 80 401) ‘S$ ()

- 
QI’ . I t IN ) 109 81 126 96 I 62 1
QP,~ I 11)4 P 62 - ~~4 112 I

6 7 1  666 35 5  542
• S l~~4 - 2I~ 2 4 7  31’ S  40. 1

- - .~

lablc, IS - Opt imum efficien c y data for a 2
and cons tani magnetic field

Data No 18 19 20 7 21 22
Mode - 7 1.  1! 7 I . . -~ 1I,~ TI., ..,
I 5 $  6 5 8

0. 4* 048 0 26 0.1* 026
& 38*  3* 5 704 10.19 7.03
H,, II) 4 1 4  6) 

- 11. 22 770
j .,~, 0 $ 5  010 0 ) 3  0.14 0.08

QP (MN ) 50 $3 230
QP~~(M K )  $04 66 97 100 59

• (li ’. (MN’) 40 27 39 34 1*
,p~~ 

(‘~‘ J 38.5 Il 2 40.2 34.) 29.7

-5’ $3.4 2 1 3  24 7 36.5 40.1 
- -  - - -——- -—
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Table V Optimum efficiency data lw ti — 2 S
and tapered magnetic held

I)ata No 23 24 25 26 27 28
Mode ft,, 1 11;fl1 I’1,.~ ~~~ TI.’ 11.,i TE,,1

L 4 6 4 8 6

0.4$ 0,48 0. 26 0.48 0 26 0.26
& 3.9$ 3.87 7 06 3.83 7 .04 7.04
8~ 384 393 728 398 737 747

061 0.44 06$ 030 0.45 0.30

0.20 0.16 026 014 0.22 0.16

QI’. (MW) 33 49 191 102 199 204
Q1~~(MW) 82 72 123 69 10$ 74

QP, (MW ) 33 
- 33 94 54 84 33

I 67.0 - 
7 3 6  76.5 77 .8 77_ S 72.2

L ‘ .ii I..~ ~~~~~ ~L _ _

table SI Optimum effi c iency data (or u — 2 ‘S
and constant magnetic field

I Data ?..i*~ 2It T U) T 3) 32 ‘1 33 34

Mode ll~~ 1! - 
II. ,~ , Il l ,‘t~ . ~~~

I 4 Ii 4 11 6

048 04$ 0. 26 04$ 0.26 0.26
3.91 3 . 87 706 3 8 ’ S  704 ~‘O4

8., 4 1 2 4 1~ 76 3 ‘ 4 ) 8  76 $  7 7 )
1. 0)7 0.11 016 0.07 0 11 009

QP~ (MW) 5$ . 0 102 45 $3 3 336
QV’  (MW) 97 36 83 32 54 49
QP, (MW) 40 25 36 13 21 I?

e’ ” (5 - )  4 1 2 444 4 3 1  4 1.9 39.0 34. 7
-V 1 2 9  l9~ 23.9 26.2 30 1 36.2

20
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Table VII. Design parameters o( a 35 GUi $yrouon
oscillator based on data No, 14 in Table Ill.

Mode TE0~• beam voftage 70 kV
beam current 2.3) Amp
v~ fv ,, 2.0
cavity radius ’. 0.526 cm
cavity length 1. 4.208 cm
beam guiding center position r~ 0.252 cm
8i 12.14 kG

1 .20 kG
efficiency ‘p 67 .1 %
Q 300
threshold beam power P, 160.0 5W
optimum beam power P’ $62.0 SW
output wave power P. 108.7 SW 
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